advanced clinicopathological features and was an independent prognostic classifier in patients with stage III CRC. In CRC cells and tissues, miR-148a expression was inversely correlated with the expression of MMP7. Conclusion: We showed the collaborative participation of miR-148a and MMP7 in CRC cell invasion. These results also demonstrate that the downregulation of miR-148a expression promotes CRC progression, especially carcinogenesis and cancer cell invasion.
Significance of miR-148a in Colorectal Neoplasia

Introduction
Colorectal cancer (CRC) is a leading cause of cancer mortality and the third-most common cancer worldwide with >900,000 cases occurring annually, nearly 500,000 of which are fatal. It is assumed that CRC originates from a sequential accumulation of molecular and genetic alterations to colon epithelial cells [1] . A deeper understanding of the pathogenesis and biological features of CRC is necessary to further inform and enhance early detection and treatment methods.
MicroRNAs (miRNAs) are involved in the pathogenesis and progression of multiple types of cancers [2] . Growing evidence suggests that miRNAs have a novel role as oncogenes or tumor suppressors [3] . The pattern of miRNA expression can be useful to classify various types of cancers, and these profiles can have prognostic and therapeutic implications. Compared with mRNA, a modest number of miRNAs may be sufficient for clinical purposes. Interestingly, miRNAs remain largely intact in different tissues and are virtually unaffected by RNA degradation [4] . Formalin-fixed, paraffin-embedded (FFPE) tissue samples have been collected over decades of routine histopathological examinations and are the most widely available tissue samples for use in clinical research; studies performed on paired frozen and FFPE specimens have shown very similar results [5] . This is because the obstacle is likely due to high fragmentation but fragmentation does not cause a further loss of quality when naturally occurring small RNAs are targeted. All of these features make miRNAs a very promising tool for large-scale and clinical cohort/trial-based studies.
In this decade, differential expression of miRNAs has been investigated in CRC [6, 7] and it has been reported that some of the deregulated miRNAs are involved in CRC progression [8, 9] . Among these, we have focused on miR-148a, in particular, because we have reported that it directly targets matrix metalloproteinase (MMP)7 and participates in tumor invasion in gastric cancer [10] . It is well known that the level of MMP7 correlates with advanced clinical stages and poor clinical outcome in CRC [11, 12] ; miR-148a could be involved in CRC progression through the regulation of MMP7 expression. The progression to CRC, however, is considered to be a stepwise process, the so-called adenoma-carcinoma sequence [13, 14] . Although this sequence is characterized by the progressive acquisition of genetic and epigenetic changes, including the deregulation of miRNA, the changes in miRNA expression and their timing are largely unknown. As for miR-148a, several lines of evidence have shown that its expression is downregulated in most types of cancer, including CRC [15] [16] [17] . However, the expression of miR-148a in precancerous regions of the colon remains unclear.
In this study, to confirm the relationship between miR-148a and CRC prognosis, we analyzed miR-148a expression in 159 FFPE specimens from CRC cases by qRT-PCR and compared them with corresponding nonneoplastic mucosa samples. The associations between miR148a expression and clinicopathological factors, including prognosis, were also investigated. We then verified the relationship between miR-148a expression and MMP7, both in the clinical samples and in vitro. Furthermore, we analyzed miR-148a expression in 21 colorectal adenoma samples and showed when such expression is downregulated in colorectal neoplasia.
Materials and Methods
Tissue Samples A total of 159 primary tumor and corresponding nonneoplastic mucosa samples were collected from patients diagnosed with CRC who were treated at Hiroshima University Hospital between 1997 and 2003. Tumor staging was according to the TNM classification system. Clinical details of these CRC patients are summarized in table 1 . For qRT-PCR, 159 CRC samples, the corresponding normal adjacent samples and 21 colorectal adenoma samples were used. Samples were FFPE tissues from 159 patients who had undergone surgical excision for CRC and from 21 
MiRNA Extraction and qRT-PCR
Tumor areas were macrodissected from 20-μm-thick FFPE tissue samples with sterile disposable scalpels and then subjected to RNA isolation using a RecoverAll total nucleic acid isolation kit (Ambion, Tex., USA).
Extracted miRNA was reverse-transcripted using a TaqMan microRNA reverse transcription kit (Applied Biosystems, Foster City, Calif., USA) according to the manufacturer's protocol. HsamiR-148a was detected using TaqMan MicroRNA assays. The relative miR-148a expression levels were calculated by the formula 2 − ∆ ∆ CT , where ΔΔCT = ΔCT miR-148a -ΔCT RNU48, and a ≥ 32 CT value was interpreted as an amplification too low to quantify. Further details have been described previously [18] and in the online supplementary information.
Immunohistochemistry
Immunohistochemical analysis was performed with a Dako EnVision TM + mouse peroxidase detection system (Dako Cytomation, Calif., USA). Sections were incubated with mouse monoclonal anti-human MMP7 antibody (mouse monoclonal: dilution 1: 50; Daiichi Fine Chemical, Takaoka, Japan) for 1 h at room temperature, followed by incubation with EnVision+ anti-mouse peroxidase for 1 h. A result was considered positive if at least 10% of the cells were stained. Details are described in the online supplementary information.
Immunofluorescence Staining and in situ Hybridization
A biotin 3 ′ -labeled, locked nucleic acid-incorporated miRNA probe (miR-CURY LNA detection probe, Exiqon, Mass., USA) was used for the visualization of miR-148a. A 6-pmol probe was hybridized with the 1× Enzo in situ hybridization buffer (Exiqon). Immunological detection was performed using the Dako GenPoint TM tyramide signal amplification system for biotin-labeled probes (Dako, Carpinteria, Calif., USA). For the detection of miR148a in combination with immunofluorescence, after signal amplification with biotin tyramide, sections were incubated with primary antibodies against CAM5.2 (Becton Dickinson Labware, Franklin Lakes, N.J., USA), followed by incubations with Alexa Fluor 546-conjugated streptavidin and Alexa Fluor 488-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, Oreg., USA). Further details have been described previously [19] and also appear in the online supplementary information.
Cell Lines HT29 and WiDr cell lines derived from human CRC were used, and maintained in RPMI-1640 (Nissui Pharmaceutical, Tokyo, Japan) containing a 10% FBS sphere of 5% CO 2 and 95% air at 37 ° C.
Western Blotting HT29 was lysed as described previously [10] . The membrane was incubated with primary anti-MMP7 antibody (dilution 1: 500; Daiichi Fine Chemicals). Immunocomplexes were visualized with an ECL Western blot detection system (Amersham Biosciences, Piscataway, N.J., USA). Details are described in the online supplementary information.
Cell Transfection
Transfection of cells was performed with Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, Calif., USA), according to the manufacturer's instructions. Pre-miR-148a and negative control miRNA (Ambion) were used for each transfection at a final concentration of 100 n M . The cells were seeded at 50% confluence on the day before transfection. Details are described in the online supplementary information.
Cell Invasion and Growth Assay
The cells were seeded at a density of 2,000 cells/well in 96-well plates. Transiently transfected cells were plated at 1 × 10 6 cells/well in RPMI-1640 medium with no serum in the upper chamber of a transwell insert (8-μm pore diameter; Chemicon, Temecula, Calif., USA) coated with Matrigel. Cell growth was monitored after 1, 2 and 4 days by MTT assay. Details are described in the online supplementary information.
Statistical Methods
Details are described in the online supplementary information. p < 0.05 was considered to be statistically significant.
Results
Comparison of miR-148a Expression Levels in Nonneoplastic Colon Mucosa, Colorectal Adenoma and CRC Tissues
To further understand the relationship between miR148a expression and clinicopathological parameters, we analyzed the miR-148a expression in 159 FFPE samples of primary CRC and their corresponding nonneoplastic colon mucosa by qRT-PCR. Significant downregulation of miR-148a expression was detected in 113 of 159 CRC cases (71.1%) when compared with the corresponding nonneoplastic mucosa ( fig. 1 a) . We also examined miR148a expression in 21 colorectal adenoma samples and compared it with its expression in CRC and nonneoplastic colon mucosa samples. It was observed that miR-148a expression was clearly downregulated in high-grade adenoma compared to low-grade adenoma (nonneoplastic mucosa vs. colorectal adenoma: p < 0.05, nonneoplastic mucosa vs. CRC: p < 0.001 and low-grade adenoma vs. high-grade adenoma: p < 0.001, respectively; fig. 1 b, c) . Then, to confirm the downregulation of miR-148a expression in tissue sections, we performed ISH for miR148a, using sections from nonneoplastic colon mucosa, low-grade adenoma, high-grade adenoma and CRC. Consistent with the qRT-PCR data, we observed clear miR-148a positivity in normal tissues and weak positivity in low-grade adenoma. However, the high-grade adenoma and CRC sections were completely negative for miR148a ( fig. 2 ). These data indicate that miR-148a down-Sentani/Hinoi/Ohdan/Oue/Yasui regulation may be involved in the mechanism of the shift from low-grade adenoma to high-grade adenoma, and that it plays an important role in the carcinogenesis of CRC.
Clinicopathological Characteristics of CRC Cases in Which miR-148a Expression Levels Are Downregulated
To further understand the relationship between miR-148a expression and clinicopathological parameters, we analyzed the correlation between miR-148a expression levels and clinicopathological factors in 159 CRC cases. Figure 1 a shows that miR-148a was downregulated in approximately two thirds of the cases, so we divided the objective CRC cases into 2 groups (i.e. with low and high expression levels of miR-148a) based on the higher tertile miR-148a expression of the group. The relationship between the miR-148a expression and clinicopathological parameters of CRC are summarized in table 1 . MiR-148a low CRC cases were more advanced in terms of pT grade (p = 0.0104), pN grade (p = 0.0067) and pStage (p = 0.0266) than miR-148a high CRC cases.
We also evaluated the association between miR-148a expression and cancer-specific mortality in CRC cases. In all 159 cases and in 112 patients with advanced CRC, there was no significant difference in prognosis between those whose CRC tissue samples exhibited lower miR148a expression levels and those whose samples exhibited higher expression (data not shown). However, when the sampling was limited to the 49 stage III cases, i.e. the cases with lymph node metastasis, we found a significant correlation between prognosis and the difference of miR-148a expression (p = 0.0313; fig. 3 a) . However, when limited to the 21 stage IV samples, i.e. cases with distant metastasis, there was no significant correlation between the 2 factors ( fig. 3 b) . In order to evaluate the potential use of miR-148a expression as a prognostic predictor in patients with stage III CRC, both univariate and multivariate Cox proportional hazards analyses were used to further investigate the association of miR148a expression with cancer-specific mortality ( table 2 ) . According to the univariate analysis, T grade and miR148a expression were significantly associated with cancer-specific mortality. According to the multivariate model, miR-148a expression was an independent prognostic classifier of cancer-specific mortality. These results indicate that loss of miR-148a may play a critical role in CRC progression.
Correlation between miR-148a and MMP7 in CRC
To confirm the correlation between miR-148a and MMP7 in CRC, we performed MMP7 immunohistochemistry and ISH with an miR-148a-specific probe in sections of nonneoplastic colon and CRC tissue. On ISH, we were only able to detect miR-148a expression in the nonneoplastic colon epithelium, not in the cancer cells. The staining pattern of MMP7 was completely opposite in the nonneoplastic and the cancer tissue ( fig. 4 a) . It was also found that upregulation of MMP7 was inversely associated with miR-148a expression in the CRC cases analyzed ( fig. 1 a; table 3 ). To further confirm the di- rect effect of miR-148a on MMP7 expression and the biological significance of MMP7 expression in CRC, we performed MTT and cell invasion assays. MMP7 expression was noted in the HT29 and WiDr cells of 5 CRC cell lines. Three lines of siRNAs (siRNA1-3) were transfected into these cells, and all of them were able to suppress the endogenous MMP7 expression. HT29 and WiDr cells were transfected to induce miR-148a overexpression, then examined for the MMP7 expression level by Western blotting. MMP7 expression was significantly downregulated; levels were similar to those of MMP7-specific siRNA-treated cells (online suppl. fig. 1 ). We used only siRNA1 in the following experiments to knock down the endogenous MMP7 because all 3 siRNA were effective to the same extent. Although cell viability was not significantly different between miR-148a-overexpressed or MMP7 siRNA-transfected and negative-control HT29 cells (data not shown), the invasive ability was markedly repressed by miR-148a overexpression similar to the case of MMP7-specific siRNA-treated cells (HT29: day 1 p < 0.01 and day 2 p < 0.001; WiDr: day 1 p < 0.001 and day 2 p < 0.001; fig. 4 b) . These observations support that miR-148a directly regulates MMP7 expression in CRC cells and that these cooperatively contribute to CRC invasion.
Discussion
We reported here that miR-148a expression was significantly downregulated in CRC tissues and that this was tightly correlated with advanced clinicopathological features and poor clinical outcome in stage III patients. We also showed that downregulation of miR-148a expression was inversely correlated with MMP7 overexpression, and that the timing of this downregulation seemed to correspond with the development of high-grade adenoma. To our knowledge, this is the first report that mentions the transition of miR-148a expression in the precancerous region in the colon. In this study, our data indicate that miR-148a downregulation is an early event in colorectal carcinogenesis. This is supported by the fact that the average miR-148a expression in high-grade adenomas was similar to that in the CRC specimens, and that no miR148a expression could be detected in high-grade adenoma or CRC by ISH. The methylation of miR-148a CpG sites has been proposed as a potential mechanism for its inactivation in CRC [15] . Downstream targets of miR148a have been increasingly understood and characterized. Overexpression of DNMT1 and LSD1 caused by miR-148a downregulation has been reported [20, 21] , which could play a critical role in epigenetic machinery and be involved in further miR-148a downregulation. Accordingly, it was assumed that this methylation of miR-148a CpG sites contributes to the beginning of CRC carcinogenesis. However, it has also been reported that even patients with stage IV CRC do not always show hypermethylation of its promoter (although miR-148a was most frequently downregulated in patients with stage IV CRC) [15] . While further studies are needed to elucidate a fuller picture of the molecular mechanisms involved in the carcinogenesis of CRC, miR-148a could be a promis- Fig. 4 . Expression pattern of miR-148a and MMP7 in nonneoplastic colon mucosa and CRC tissue, and effect of miR-148a on MMP7 expression and CRC cell invasiveness. a ISH using miR-148a-specific probe and immunohistochemistry using anti-MMP7 antibody on the nonneoplastic colon mucosa and CRC tissue. Scale bars 100 μm. b Effect of miR-148a overexpression and MMP7 knockdown on cell invasion of HT29 and WiDr cells. HT29 and WiDr transfected with negative control miRNA, anti-miR-148a and MMP7-specific siRNA were incubated in Boyden chambers. Results are mean ± SD of triplicate measurements. * * p < 0.01. * * * p < 0.001. It has been reported that miR-148a downregulation is a statistically significant prognostic factor in both stage III/IV and stage II/III CRC cohorts [15, 22] . In this study, we intended to determine the significance of miR-148a downregulation in CRC cases without any stage limitation, but it was finally found that its downregulation was an independent prognostic factor only in patients with stage III CRC. It has been well established that adjuvant chemotherapy after surgery decreases recurrence and improves survival in patients with stage III CRC [23] , and most of the patients with stage III CRC in our cohort actually received this treatment (data not shown). Several studies have reported that miR-148a plays important roles in chemosensitivity to anticancer drugs, such as cisplatin, paclitaxel and 5-FU [24] [25] [26] . In addition, it has been suggested that miR-148a could be an effective suppressor of the tyrosine kinase receptor/ AKT signaling pathway through the direct targeting of ERBB3 and IGF1R and the inhibition of both EGF-and IGF-induced activation of AKT [27] [28] [29] . There has been a recent and rapid development in biological agents targeted against components of receptor tyrosine kinasesignaling cascades in the treatment of CRC. Currently, only KRAS mutational status is used as a decisive marker for EGFR inhibitor therapy in CRC patients. However, it has subsequently become clear that only 13-17% of CRC cases without KRAS mutations in codon 12 or 13 of exon 2 responded to EGFR inhibitor therapy [30] . Based on these previous reports, it is presumed that miR-148a plays an important role in drug resistance against a wide range of anticancer drugs including molecular-targeted therapy, and that it could be a predictive marker for the therapeutic benefit of these treatments.
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Given the evidence that miR-148a is preferentially silenced in CRC tissues due to promoter methylation, we performed functional studies to explore the potential tumor suppressor features of miR-148a. We discovered that the restoration of miR-148a expression in HT29, a cell line with rather low miR-148a expression and high MMP7 expression, indeed resulted in a significant decrease in cell invasion. Although we mentioned the correlation between miR-148a downregulation and AKT as above, it is also well known that the activation of the AKT/JNK pathway induces MMP7 expression [31, 32] . Taken together with the findings of our previous report, this suggests that miR-148a downregulation affects MMP7 overexpression both directly and indirectly; promoting robust MMP7 expression in CRC tissue and supporting the invasiveness of CRC cells.
In summary, we have shown that miR-148a downregulation is an independent prognostic classifier in patients with stage III CRC. Furthermore, this study identified the timing of miR-148a downregulation in the adenoma-carcinoma sequence of CRC. Our findings provide novel evidence for the contribution of miR-148a not only as a key regulator of cell invasion but also a trigger for the carcinogenesis of CRC.
